Abstract In epidemiological cohorts, there is an increased interest for the implementation of biobanks. The potential role of biological determinants of diseases needs to be investigated before the onset of the event of interest in order to limit the problems encountered when examining biological determinants in classical case-control studies. Biobank is now a very sophisticated system that consists of a programmed storage of biological material and related data. Our aim in this paper is to document how biobank constitution is useful for studying biological determinants of aging and to give some indications on methodological issues that can be helpful to optimize the constitution and use of biobanks in aging cohorts. Optimization of sampling through two-phase designs (nested case control or case-cohort studies) allows better efficiency. These elements are, for most of them, not specific to aging populations but are useful more generally for the epidemiology of chronic diseases. Our purpose will be illustrated with some examples and results obtained in an ongoing aging cohort, the Three-City Study.
Introduction
We now live in a global aging society; this is true for industrialized countries but it is also emerging in less developed countries. The World Health Organization C. Berr (&) Á I. Carriere Inserm U1061, Hôpital La Colombière, 34093 Montpellier Cedex 5, France e-mail: claudine.berr@inserm.fr (WHO) estimated that there were 841 million people aged 60 and over in the year 2013 and this will increase to 2 billion by 2050 (Chatterji et al. 2015) . Against the background of a steady increase in life expectancy, the question of how people will age has become increasingly important.
Since the 1990s, many epidemiological studies, mostly cohorts with large sample sizes have been initiated in different countries in order to identify factors associated with health events in aging or consequently those related to a successful aging. Cohort studies (Doll 2001 )-longitudinal follow-ups of populations over time with respect to exposures (risk factors) and health event occurrence-are popular because they allow causal interpretations. But they require long-term investments, are expensive and, as all observational studies, subject to biases. There are fundamental criteria to allow investigation of the causative role of biological determinants in diseases (Hill 1965) . Dosages have to be performed before the onset of the event of interest in order to limit the problems encountered when looking at biological determinants in classical case-control studies (which compare cases recruited when disease has occurred to subjects not affected by the event). Potential effects of disease on biological status are controlled when biological samples have been collected before disease onset. This is the main reason which justifies the increasing number of cohorts with biological samples collected at baseline. Furthermore in aging epidemiological studies, most health events are chronic disorders with insidious onset and progression for some of them as neurodegenerative disorders or chronic kidney failure and it is necessary to identify risk factors before the non-observed real onset.
Research programs utilize human biological samples; Biobank is a type of biorepository that stores biological samples for use in subsequent research. Since the late 1990s biobanks have become an important resource in medical research, supporting many types of contemporary research such as genomics and personalized medicine, set up either for population-based or disease-specific research purposes (Zika et al. 2011) . Samples in biobanks and the data derived from these samples can often be used by multiple researchers for multiple purposes, which are not always defined when cohorts or research programs are planned. Advances in epidemiology and omics science have led to an increased interest in infrastructure development and data sharing facilitated by biobanks of specimens and linked health information (Artene et al. 2013) . Biobank is now a very sophisticated system that consists of a programmed storage of biological material and related data.
Our aim in this paper is to document how biobank constitution is useful for studying biological determinants of aging and to give some indications on methodological issues that can be helpful to optimize the constitution and use of biobank in aging cohorts. These elements are, for most of them, not specific to aging populations but are useful more generally for the epidemiology of chronic diseases. Our purpose will be illustrated with some examples and results obtained from an ongoing aging cohort, the Three-City study (3C Study Group 2003) .
How to deal with biosamples, general considerations
When planning a cohort design, the choice of biological specimens is crucial and is guided by current but also future (and unknown) research questions. Ideally, the research staff must define the potential parameters to be studied so that appropriate collection and processing protocols can be designed. But for future research questions, it is clearly required to anticipate the future. In epidemiological studies on blood biomarkers, some dosages require serum samples, other plasma but plasma can be collected with different collection tube additives (heparin, EDTA, lithium…) allowing dosages of different biomarkers. Choice for storage, at liquid nitrogen temperature or in -80 degree centigrade freezers, must also be considered. For instance in microbiology, biological samples can be stored for up to 30 years but specific protocols are required to reduce the damage induced by preservation techniques (De Paoli 2005) . Pre-acquisition phase and pre-storage phase can be crucial and security of storage itself frequently implies that it is carried out on at least two independent sites. Number and adequate volumes of aliquots are always questionable when planning a biobank. The collection/ sampling tubes are also a major pre-analytical source of variability that could impact the dosage of specific biomarkers such as the amyloïd peptides for the diagnosis of Alzheimer's disease that need specific low-binding polypropylene collection tubes (Lehmann et al. 2014) . Experience of professionals involved in the biobank constitution is crucial for optimal choices. In order to guarantee and to preserve the quality of the collections, biologists and epidemiologists need to have a comprehensive view of analytical and storage techniques to ensure long term integrity of the stored specimens (Henny et al. 2012) . Sample collection and processing must be optimized to avoid approaches that may preclude future analyses. The quality of biospecimens and associated data must be consistent and collected according to standardized methods in order to prevent spurious analytical results that can lead to artifacts being interpreted as valid findings (Vaught and Lockhart 2012) . All steps for the constitution of a biobank require standard operating procedures including traceability of sampling, pre-analytic phases, and storage. Guidelines should also include ethical, legal and social issues which depend on the different laws and regulations in various countries (Cambon-Thomsen et al. 2003; Noiville 2012) . Published guidelines on specific biological processes should also be considered.
Alongside the biobank constitution a database must be set up to track the samples (traceability). Each aliquot must be identified in the database (protocol, individual ID and research consent, study site, collection time, aliquot number, storage conditions) and its location described (freezer, rack, slot, box, row, and column). It must be possible to track in this database location changes, aliquot consumption and trans-shipment in order to always provide an updated state of the biobank. In France, the necessity to ensure quality of samplings and associated data has led to the creation of Biological Resources Centers (CRB = Centre de Ressources Biologiques) which aim at harmonizing collection and storage of biological sampling. They must respond to quality norms.
When the repository is constituted, the rationale for its use must be considered carefully. Even if a large number of aliquots are collected, each one can become precious and rare (Clement et al. 2014) , particularly aliquots from individuals who have become incident cases.
How to optimize sampling for biological studies Because disease incidence rates are usually low, cohort studies need to follow large numbers of subjects during many years to obtain optimal numbers of cases and sufficient statistical power (Doll 2001) . Precision for estimating risk associated with an exposure being mainly limited by the number of cases, it is not essential to collect complete information for all the controls. It is thus possible to conduct sub-studies with selected non-case participants so that expensive data such as biological dosages do not need to be ascertained for everyone. Investigators have to find the right strategy and decide on which sample the dosage will be performed in order to optimize the study cost efficiency. All designs constructed to include subjects in the sub-cohort on which the biobank is established must be based on the event (disease) occurrence and at risk status during the follow-up. The designs differ with respect to how controls are sampled and to how data will be analyzed. Thus, case-cohort studies and nested case-control studies enable cost reduction with a minimal loss of efficiency (Langholz and Thomas 1990) .
Two-phase studies (see Fig. 1 ) were introduced into epidemiology more than 20 years ago but they have been relatively rarely applied in practice. In these studies, data are collected in two phases. First, the cohort participants are selected from a general population with or without randomization or stratification. During this phase, information is collected on all the subjects. At this phase information on disease status and (minimal) information on exposure are collected. Phase two uses this information to recruit a subsample, stratified on disease status and exposure. Further data are then collected to obtain more detailed exposure/confounder information. The final analysis uses data from both phases.
Two main types of designs can be proposed for the phase 2:
1. Nested case-control design: A nested case-control study (Langholz 2005) comprises subjects sampled from an assembled epidemiological cohort study in which the sampling depends on disease status. Nested case-control studies are generally used when disease is rare and, at the minimum, disease outcome has been obtained for all cohort subjects, but it is too expensive to collect and/or process information on covariates of interest for the entire cohort. After identification of cases, confounder information available in the cohort data is often used to select controls that Biogerontology (2016) 17:221-227 223 closely match cases for age, sex or other characteristics. Most of the first studies conducted with this type of design were performed in the field of occupational epidemiology. In a lung cancer mortality study on an historical cohort of hardmetal workers (Moulin et al. 1998) , the cases were the cohort workers who had died of lung cancer. Three controls per case were sampled from the set of those at risk, i.e. from all subjects under followup at the date of the death of the case and known to be alive on that date, with matching on sex and date of birth. Collection of data on job history was limited to cases and their controls and analyses were conducted with conditional logistic regression models. 2. Case-cohort design (Prentice and Self 1988) : In this design the entire cohort is followed in order to determine the time of all the events considered in the study. Controls are randomly sampled without considering events or their timing as part of a ''sub-cohort'' (cohort random sample). Phase-2 expensive information is collected for this subcohort and for all the cases, belonging or not to the sub-cohort. Case cohort design is presented as more efficient than nested case-control since each case may be compared with the overall subcohort. It can be used for more than one outcome, e.g. dementia and stroke in an aged population. The same sub-cohort (same controls) is used to compare with cases for all the outcome types. Carrying out a series of case-control studies may be more costly than setting up a sub-cohort, as the same sub-cohort can be used as controls for all comparisons. It is possible to start analyzing biological material on the sub-cohort individuals from the beginning of follow-up, adding incident cases of one or more than one type as they occur. Even if not considered at the beginning of casecohort design, use of cases not in the sub-cohort is possible. Most analyses utilize the ''robust'' approach of Barlow (Barlow et al. 1999 ) which involves Cox regression with case and control observations weighted by their inverse sampling probabilities.
Example of a case-cohort study in an aging study
The 3C study is an ongoing population-based, prospective study of the relationship between vascular factors and dementia, carried out in three French cities: Bordeaux (South-West France), Montpellier (Southern France) and Dijon (Central Eastern France). Between January 1999 and March 2001, 9294 noninstitutionalized subjects aged C65 (selected from electoral rolls) agreed to participate in the study. The baseline data collection included socio-demographic and lifestyle characteristics, symptoms and complaints, main chronic conditions, medication use, neuropsychological testing. Data have been updated at each follow up exam every 2 or 3 years until 2012. Incident cases for the three main outcomes (dementia, coronary heart diseases (CHD) and stroke) were considered, documented and validated. The study protocol has been described in detailed elsewhere (3C Study Group 2003). It was approved by the Institutional Review Board at Kremlin-Bicêtre University Medical Center. Each participant gave their written, informed consent to participation. Ninety-five percent of the participants accepted to have blood sampling for the measurement of biological parameters at baseline and the constitution of a Fig. 1 Scheme for 2-phase sampling blood specimen bank (serum, plasma, and DNA) stored at -80°C. Measurements of biological parameters (glycemia, cholesterol (total, high-density lipoprotein, and low-density lipoprotein), triglycerides, and creatinemia) were centralized and performed by the Biochemistry Laboratory of the University Hospital of Dijon. At baseline, biological specimens were stored for 8860 subjects, leading to 53,160 blood tubes (6 per subject) and to more than 221,500 aliquots located both in a regional and in a central center (Biological Resources Center, LAB-CRB of the Pasteur Institute of Lille) for security reasons.
A case-cohort study was set up at the end of the 4-year follow-up period, to investigate potential novel biological risk markers for the 3 events of interest. The case-cohort design involved a randomly selected subcohort from the initial cohort as well as all incident cases studied (Carcaillon et al. 2009 ). In practice, a random selection stratified by center, sex and age with a sampling ratio of 15 % led to a sample of 1254 subjects from the initial cohort. Within this subcohort, 84 incident events occurred during the 4 years of follow-up (33 CHD, 12 strokes, and 40 cases of dementia). For the study of dementia, we added all additional dementia cases identified from outside the sub-cohort (n = 218) and removed prevalent cases (n = 29) and missing values regarding incident dementia status (n = 121) giving a total of 257 cases of incident dementia as illustrated in Fig. 2 . For other events, similar additions and exclusions were proposed. For studying CHD, we included all additional CHD cases (n = 166) and removed prevalent cases (n = 131) and missing values regarding incident CHD status (n = 37). The sub-cohort corresponding to the study of CHD (n = 199) included 1086 subjects. Similarly, for stroke, we added all additional stroke cases (n = 103) and removed prevalent cases (n = 53) and missing values regarding incident stroke status (n = 45). The sub-cohort corresponding to the study of stroke (n = 111) included 1139 subjects.
Some of the analyses performed with this design have led to interesting results not limited to one of the events when studying inflammation (C-reactive protein, fibrinogen) and hypercoagulability (fibrin D-dimers, thrombin generation). Carcaillon et al. (2009) showed that elevated fibrinogen and D-dimer levels were associated with incident arterial disease (CHD). But in addition, they also found that high D-dimer level could represent a new risk factor for a subtype of dementia. They also used the case-cohort design limiting analysis to a random sub-cohort of 562 women not using hormone therapy and 132 incident dementia cases (Carcaillon et al. 2014) .
Focusing on dementia risk factors, Lambert et al. (2009) examined the association between plasma Ab peptide levels and dementia based on dosages in the sub-cohort and on incident dementia cases and demonstrated that they may be useful markers to indicate individuals susceptible to short term-risk of dementia. Even if these dosages were performed only in 15 % of the total sample representing 1254 individuals, it was also possible to use the sub-cohort itself as a sample to study relationships between these plasma Ab peptide levels and mortality (Gabelle et al. 2014) . Moreover, it was also possible to analyze the role of these peptides as potential prognosis markers in dementia (Gabelle et al. 2013) , using dosages in incident cases diagnosed in the first years of follow-up. This example illustrates how dosages in this frame can be extensively beneficial. A number of papers have been published in the frame of the different ancillary studies which were proposed years after the constitution of the cohort.
Perspectives
Created in 2013 at the European level, the BBMRI-ERIC (Biobanking and Biomolecular Resources Research Infrastructure-European Research Infrastructure Consortium) (http://bbmri-eric.eu/) (Reichel et al. 2014 ) aimed at increasing efficacy and excellence of European bio-medical research by facilitating access to quality-defined human health/disease-relevant biological resources. Since the first biospecimen collections in cohorts and what are now biobank, there have been great changes. The scale of cohorts has changed and a number of ''MEGA'' cohorts often at a national scale are now conducted with very large numbers of subjects. In France, the Constances study on 200,000 subjects aged from 18 to 70 includes a specific program on aging (Zins et al. 2010 ) and plans to store 8,000,000 aliquots. In England, the UK Biobank (Elliott and Peakman 2008) aimed at investigating the role of genetic factors, environmental exposures and lifestyle in the causes of major diseases of late and middle age in a population of 500,000 individuals aged 40-69. By the end of the recruitment phase, they stored about 15 million sample aliquots with a highly automated approach for the processing and storage of the samples. In the Netherlands, the Lifelines cohort (Scholtens et al. 2014 ) is a three generation cohort study with a biobank with baseline data collected for more than 160,000 participants aged from 6 months to 93 years set up for studying the development of chronic diseases and healthy aging.
The huge size of the biobanks associated with very large cohorts generates new challenges in different areas. Regarding costs, all biobanks face the need to establish new economic models to take into account not only financing the initial investment of expansive facilities and sophisticated equipment but also to consider the cost of maintenance of the biobank and the rapid renewal of equipment due to the fast changes in technology. The cost of collecting and storing biosamples is thus very high and the price for accessing samples may become unaffordable for researchers funded through public grants (Clement et al. 2014) . Ethics issues also pose new challenges. Even if consent was given at the time of biomaterial collection, it is simply not possible to forecast research questions that will be asked decades later. This is a common problem for all biobanks, but it is especially crucial for population-based cohorts where the number of deceased or lost to follow-up subjects is increasing according to the length of follow-up, making it almost impossible to retrieve the participants for asking them specific consents. In some countries the regulations may be a serious obstacle and this is amplified by the rapid development of international research consortia aiming at sharing data from different countries with different ethics regulations.
Faced with the inevitable multiplication of mega cohorts, an international effort of the scientific community and of the funding and administration of Case-cohort sample Fig. 2 Design of the case-control study in the 3C Cohort, example of dementia cases at 4-year follow up (adapted from Lambert et al. 2009) research bodies is therefore essential to find realistic solutions to these challenges.
